Enzyme immunoassay (EIA) methods have been extensively utilized for the analysis of organic substances in biochemical and clinical assays, and a wide variety of combinations of enzymes, substrates and detecting methods have so far been investigated to improve the sensitivity of the assays. [1] [2] [3] [4] The detection sensitivities of the assays are delicately affected by the background impurities originating in the components of solutions such as buffers, solvents, enzymes, and substrates for the enzymes, irrelevant to the substances which should be detected. Horseradish peroxidase (HRP) and fluorometry using appropriate substrates are the most popular combination of the enzyme and the detection method for EIA. For more sensitive and accurate measurement of HRP activity, however, lower background and higher sensitivity of the detection method have been required.
Enzyme immunoassay (EIA) methods have been extensively utilized for the analysis of organic substances in biochemical and clinical assays, and a wide variety of combinations of enzymes, substrates and detecting methods have so far been investigated to improve the sensitivity of the assays. [1] [2] [3] [4] The detection sensitivities of the assays are delicately affected by the background impurities originating in the components of solutions such as buffers, solvents, enzymes, and substrates for the enzymes, irrelevant to the substances which should be detected. Horseradish peroxidase (HRP) and fluorometry using appropriate substrates are the most popular combination of the enzyme and the detection method for EIA. For more sensitive and accurate measurement of HRP activity, however, lower background and higher sensitivity of the detection method have been required.
It has been well established in fluorometry that HRP catalyzes the oxidation condensation, especially the dimerization of phenolic compounds [1] [2] [3] through free radical formation in the presence of H 2 O 2 . The knowledge of this radical formation motivated us to develop a new method for detecting the free radical by ESR spectroscopy in conjunction with appropriate substrates for HRP. ESR spectroscopy has a sensitivity on the order of 10 -9 mol/l and detects selectively only paramagnetic species such as free radicals. Therefore, the application of this technique to EIA was expected to give a sensitive and selective detection method superior to fluorometry, colorimetry and luminometry for EIA. Recently one of the authors succeeded in developing a sensitive ESR method for the EIA and biochemical assay, using several kinds of substrates (S) for HRP and trappers (T) for the substrate radicals generated by HRP 5 , as is shown in Fig. 1 . In the EIA method, a sample solution and the HRP labeled antibody solution are added to the monoclonal-antibody coated bead. The HRP immobilized on the solid-phase surface by the antigen-antibody reaction catalyzes the conversion of the added S to the corresponding radical (S·) in the presence of H 2 O 2 . Here colorimetry is usually applied for the quantification of a stable S·. In the case that S· is apt to dimerize, the dimer generated is analyzed by colorimetry or fluorometry. In the presence of T, S· competitively reacts with T and is converted into the original substrate S, concomitantly generating a more stable free radical (T·), which can be analyzed by using ESR spectroscopy. In this paper we wish to report fine details of this analytical method using p-acetamidophenol (p-AP) as S for HRP and 1-hydroxy-2,2,5,5-tetramethyl-3-imidazoline-3-oxide (HTIO) as T, as shown also in Fig. 1 . We will also compare its sensitivity with those of the other methods. Finally, two typical examples applying this method are presented to demonstrate the usefulness of this method.
Experimental

Materials
HRP (250 units/mg protein), p-AP, and glucose oxidase were purchased from Wako Pure Chemical Industries, Japan. 3-Morpholinopropanesulfonic acid (MOPS), 3-[N,N-bis(2-hydroxyethylamino]-2-hydroxypropane-sulfonic acid (DIPSO), and 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (Carboxy-PTIO) were from Dojindo Laboratories, Japan. HHTIO and HTIO were from Aldrich Chemical Co., Ltd. and Acros Organics, USA, respectively. These chemicals were used without further purification. Commercially available nitroxide radicals, 3-carboxy-2,2,5,5-tetramethyl-1-pyrodinyloxy (3-Carboxy PROXYL), 4-carboxy-2,2,6,6-tetramethylpiperidinyloxy (4-Carboxy TEMPO) from Aldrich, and Carboxy-PTIO were reduced to corresponding hydroxylamines (see Fig. 2 ), 3-carboxy-2,2,5,5-tetramethyl-1-N-hydroxy-pyrrolidine (3-Carboxy-PROXYL-H), 4-carboxy-2,2,6,6-tetramethyl-1-N-hydroxy-piperidine (4-Carboxy TEMPO-H), and 2-(4-carboxyphenyl)-4,4,5,5-tetramethyl-imidazoline-1-N-hydroxy-3-oxide (Carboxy-PTIO-H), by adding ascorbic acid (AA) to their precursor solutions. The hydroxylamines were recrystallized from the solutions, and purities were checked by using NMR measurements. Cobas Core TSH kit was purchased from Nippon Roche Co. Ltd., Japan. Reagents for the enhanced chemiluminescent reactions were purchased from Amersham International, UK.
Reagent preparation
HRP was diluted with 50% ethyleneglycol solution containing 0.45% NaCl. An aqueous solution of 20 mmol/l p-AP was used throughout this work. HTIO and the other hydroxylamines were dissolved in DMSO containing 10% 0.1 M MOPS buffer; pH 6.5. The solutions of hydroxylamines had to be prepared fresh daily and kept cool in an ice bath. The solution of 2,2 ′ -azinobis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) and its buffer solution of 0.1 mol/l citrate phosphate (pH 4.5) containing 0.015% hydrogen peroxide were purchased from Nippon Kayaku Co., Ltd., Japan, and used as received. The buffer solution of o-phenylenediamine (OPD) and its tablet attached to AUSZYME II (Abbott Diagnostics USA) were used as received. The enhanced chemiluminescent reagents were used as received.
Selection of the substrate and hydroxylamine
p-AP was used as an appropriate substrate of HRP throughout this work, based on the results of Siga et al. 3 and our own results (data not shown). In order to select the appropriate hydroxylamine, we prepared the hydroxylamine solutions of DMSO, methanol, ethanol, N,N-dimethylformamide (DMF) and dimethylamine (DMA) in the absence of p-AP and HRP. When selecting a solvent for dissolving hydroxylamines, we had to be careful not to hinder HRP activity and not to increase the concentration of the nitroxide radicals formed by autoxidation of hydroxylamines, because hydroxylamines tend to be autoxidized to nitroxides when in solution. Otherwise, radicals unrelated to HRP activity contribute to the background signal, which reduces the sensitivity of the analysis. DMSO was the most suitable solvent for the hydroxylamines tested (data not shown). In this work, therefore, we used DMSO as the solvent for dissolving hydroxylamines. Solutions were prepared as follows: first, 190 µl of pure water in a glass vessel, then 100 µl of buffer solution of 0.1 mol/l MOPS containing 0.015% H 2 O 2 , and 1108 ANALYTICAL SCIENCES DECEMBER 1998, VOL. 14 Fig. 1 The proposed reaction schema of HRP using phenols as substrate and hydroxylamine as a spin trapper for the phenoxyl radical generated. Fig. 2 Chemical structure of various hydroxylamines tested in these experiments.
finally 10 µl of 1 mmol/l DMSO solution of hydroxylamine. The mixed solutions were incubated and transferred into a flat quartz cell for ESR measurement. These solutions without p-AP and HRP were supplied as "blank". ESR measurements were carried out immediately after preparation of the solutions and two hours later.
System optimization
Since hydroxylamines are autoxidized in the presence of H 2 O 2 and buffers, the backgrounds in ESR spectra increase gradually in the solutions. In the proposed method, therefore, it is critical also to select the adequate buffer for hydroxylamines. We selected a buffer that would not increase the background, according to the following procedure: First 160 µl of H 2 O was added in a glass vessel. Next 100 µl of buffer solution containing 0.015% H 2 O 2 , 30 µl of 20 mmol/l p-AP solution, and 10 µl of 0.5 mmol/l HHTIO or 2 mmol/l HTIO solution were added in that order. The mixtures were incubated for 30 min at room temperature, and ESR measurements were made. In ways similar to the conditions of these solutions, the pH and the temperature were optimized, as will be described in the results section. The pH for Good buffers were adjusted by adding 1 M NaOH to the buffer solutions.
The optimum quantity of HTIO was measured by adding 50 µl of 10 -5 or 10 -4 U/ml HRP solution to the substrate solutions described above, changing the HTIO concentration. The sample solutions were prepared in the following way: 100 µl of H 2 O, 100 µl of MOPS buffer solution, 30 µl of 20 mmol/l p-AP solution, 20 µl of HTIO solution with the concentration from 0.312 to 10 mmol/l, and finally 50 µl of 10 -5 or 10 -4 U/ml HRP solution. After a 30 min incubation at room temperature, the enzymatic reaction of HRP was terminated by adding 50 µl of 100 mmol/l NaN 3 to the solutions and ESR measurements were made.
Here the intensity of the ESR signals linearly increased with the incubation time as long as 30 min. Taking into account the background effect, after 30 min, the S/B gradually deviated from the linear time dependence of the signals. Thus we fixed the incubation time as 30 min.
Sample preparation for comparison with other methods
The sensitivity of the proposed method was compared with those of ordinary colorimetry using OPD or ABTS as the substrate, and with the enhanced chemiluminescence method using luminol and iodophenol as the substrate. The colorimetry was carried out by adding 50 µl of 10 -5 U/ml HRP solution to 250 µl of the substrate solution of OPD or ABTS, and incubating for 30 min at room temperature. HRP activities for OPD and ABTS were stopped by adding 1.0 ml of 0.5 M H 2 SO 4 . The absorbances at 414 nm for ABTS and 492 nm for OPD were measured using a U-2000 Hitachi spectrophotometer. In the case of luminol chemiluminescence, the counting was done at 30 s after the HRP addition, followed by 5 min incubation. The luminescence assay was done with a Bio Orbit 1251 luminometer, using Amerlite buffer and tablet packs from Amersham International, UK.
Quantification of TSH
To the monoclonal-antibody coated bead, 150 µl of the standard solution of TSH and 150 µl of the HRP labeled antibody solution were added and the mixture was allowed to react for 60 min with stirring at room temperature. After washing 5 times with 3 ml of the saline solution, 300 µl of the enzyme-reaction solution including 150 µl of H 2 O, 100 µl of MOPS buffer solution (0.1 M, pH: 6.5) containing 0.015% H 2 O 2 , 30 µl of 20 mmol/l p-AP, and 10 µl of 2 mmol/l HTIO, added in this order, were mixed and allowed to react for 30 min at 37˚C. After 50 µl of 100 mmol/l NaN 3 was added to terminate the reaction, the solutions were taken for ESR measurement.
Quantification of glucose
One hundred microliters of MOPS buffer solution (0.1 M, pH: 7.0), 50 µl of 20 mmol/l p-AP, 1 µl of the standard substance (0, 50, or 200 mg/dl), 20 µl of 5 mmol/l HTIO, 50 µl of peroxidase solution (10 -1 U/ml), and finally 50 µl of glucose oxidase (100 U/ml) were mixed. The mixture was incubated with stirring at room temperature for 10 min. After 50 µl of 100 mmol/l NaN 3 was added to terminate the reaction, ESR was measured.
ESR measurement
The ESR measurements were carried out using a JEOL JES-FR30 ESR spectrometer, with a sensitivity of 7×10 9 spins/0.1 mT. Typical conditions of the measurements were as follows: Microwave power 4 mW, central magnetic field 336.0 mT, sweep width 5 mT, sweep time 4 to 15 min, modulation width 0.1 mT, and time constant 0.3 to 3 s. The amplitude of the spectrometer was changed depending on samples.
Results
Selection of hydroxylamine and its buffer
In order to select an appropriate hydroxylamine for the analysis of HRP activity, the ESR signal intensities of the solutions of hydroxylamines in Fig. 2 were measured in the absence of p-AP and HRP. The relative ESR intensities of these blank solutions just after preparation (0 h) and two hours later (2 h) are listed in Table 1 . The hydroxylamines derived from TEMPO and Carboxy-PROXYL were unstable and showed appreciable signal intensities due to nitroxide radicals generated by autoxidation and/or other reactions, but Carboxy-PTIO-H, HHTIO and HTIO were more stable than these two. Since HTIO was most stable in 90% DMSO solution, HTIO was selected as the most suitable radical trapper for the proposed method. HHTIO was used as a complementary trapper of the substrate radical because high solubility in DMSO was required. The ESR signals of HTIO and HHTIO solutions without HRP, hereafter called background (B), depended on the buffers used. Table 2 shows the relative ESR signal intensities of the background containing 20 typical commercially available buffers. Based on these results, MOPS was selected as the most suitable buffer for HHTIO and HTIO, although even in this case the ESR signal shows a slight increase with time.
pH and temperature dependence Table 3 shows the effect of pH on the ESR signal intensity of sample solutions containing HTIO and 10 -4 U/ml HRP at temperatures of 23˚C and 37˚C. Here the background in the table means the ESR signal intensity measured just after the preparation of the solutions.
The ESR signals of the sample solutions and backgrounds showed a slight increase with rising pH. But a constant signal height was obtained in the pH region from 6.0 to 7.0. The HRP activity thus measured at 37˚C was 1.35 times larger than that at room temperature. We selected the optimum pH and temperature of 6.5 and 37˚C, respectively. Figure 3 shows the typical ESR signals of the blank solution (a) and the sample solution (b) of HTIO after 30 min incubation under optimal conditions. They consist of three lines due to nitrogen (I=1) hyperfine splitting in the nitroxide radical derived from HTIO. This assignment can be made based on the hyperfine coupling constant (hfcc) of 0.153 mT determined from the spectra. Table 4 shows the dependence of signal intensity on HTIO concentration for 10 -4 and 10 -5 U/ml HRP. For both concentrations of HRP the intensities increase with the concentration of HTIO and show saturation at around 5 to 10 mmol/l. However, the S/B ratio decreased with increasing concentration of HHTIO, mainly because of the increase in the background signal (data not shown). The necessary condition of HTIO concentration, [HTIO]>>[HRP], depends on the HRP concentration used. Therefore, the biochemically optimum concentration of HTIO should range from 5 to 10 mmol/ml or more, but we must take into account the background value for HTIO. In order to keep a high S/B ratio, we empirically selected the optimum HTIO concentration of 2 mmol/l. It should be noted that the 1110 ANALYTICAL SCIENCES DECEMBER 1998, VOL. 14 Table 1 Relative ESR signal intensities of some hydroxylamine solutions just after preparation (0 h) and 2 h later (2 h) Each intensity is normalized to water. a. Not incubated. concentration of HTIO was not optimized in this experiment but was selected empirically. When a high degree of nonspecific binding (NSB) exists in the assay system, of course, this concentration of 2 mmol/l is too low, and we must select a higher concentration of HTIO.
Concentration dependence on signal intensity
The detection limit and its reproducibility for HRP
In order to determine the detection limit of the proposed method, the concentration dependence of nitroxide signals derived from HTIO was measured in the presence of both p-AP and HTIO. Figure 4 shows the left signal in the spectrum linearly increasing with the concentration of HRP. The number above each signal shows the concentration of HRP as high as 1.00 amol. The signal at the extreme left side shows the background intensity described in the experimental section and the noise levels of the spectrometer. From these data, we could determine that the detection limit of HRP of the proposed method is 0.25 amol at present. It should be noted here that this limit does not mean an estimated limit, as shown in some literature, but one actually measured. The interassay relative standard deviation (RSD) at one amol HRP was 2.06% (mean±1SD=1.026±0.0212, n=10). The dynamic range of HRP by this method was 0.25 to 500 amol.
Comparison with other assay methods
In Table 5 the signal intensities and S/B ratios of colorimetric and luminometric methods are listed with those of ESR spectrometry described above for easy comparison. Signal intensities cannot be directly compared, but S/B values can. The S/B ratio of the proposed method was about 25 times that of OPD and ABTS, and 19 times that of luminol chemiluminescence, at 10 -5 U/ml of HRP. In order to estimate the trapping efficiency of HTIO, we measured the intensity of the fluorescence from the p-AP dimer formed from the phenoxyl radicals (Fig. 1) . The trapping efficiency of the phenoxyl radicals from the hydroxylamine at the concentrations of 10 -5 and 10 -4 U/ml of HRP were determined to be 84.8 and 70.3%, respectively.
Application to the detection of TSH and glucose
The proposed method described above has wide applicability and high sensitivity. We can apply the method to both enzyme immunoassays and biochemical assays. The following shows two typical examples of how the proposed method can be applied.
Enzyme Immunoassay of TSH
The EIA of TSH in human serum based on the method described in Fig. 1 requires extremely high sen-1111 ANALYTICAL SCIENCES DECEMBER 1998, VOL. 14 Fig. 3 The typical ESR spectra of: (a) the blank solution and (b) the sample solution of HTIO after 30 min incubation under optimal conditions. Fig. 4 The detection limit for HRP in the presence of both p-AP and HTIO. The number above each signal shows the concentration of HRP as high as 1.00 amol. The signal at the extreme left side shows the background intensity described in the experimental section and the noise levels of the spectrometer. sitivity. Figure 5 shows the ESR signal intensity of the HTIO radical as a function of TSH standard concentration. Below each signal is shown the concentration of TSH with those of the blank signal (BL) and the background signal (0 µU/ml of TSH). The detection limit was estimated to be 0.0025 µU/ml from the figure, and the interassay RSD at 0.0025 µU/ml TSH was 14.5% (mean±1SD=0.00255±0.00037, n=10). 2. Biochemical assay of glucose through the quantification of hydrogen peroxide The detection of glucose using the proposed method is based on the reaction in which H 2 O 2 is quantitatively generated by the enzymatic reaction of glucose oxidase or pyranose oxidase, as shown in Eq. (1):
H 2 O 2 thus formed oxidizes p-AP in the presence of HRP, which leads to the HTIO radical formation. A linear correlation of the signal intensity with the glucose concentration added was obtained (data not shown). We could estimate the detection limit for H 2 O 2 to be as low as 3.0 pmol/test.
Discussion
In the EIA method, the quantification of peroxidase activity plays a key role in determining the sensitivity of the analysis. As shown schematically in Fig. 1 , the analytical method shown in this paper is similar to those previously reported. 1, 2 In 1952, for example, Chance reported that the addition of p-methoxyphenol to an HRP-H 2 O 2 -ascorbic acid system resulted in an increase in the concentration of the ascorbic acid radical. In 1969 Ohnishi et al. 6 observed a similar phenomenon by adding p-cresol instead of p-methoxyphenol. We also confirmed a similar phenomenon by the addition of p-AP (unpublished data). Here the phenolic compounds generally serve as enhancers of ascorbate radical formation. For analytical purposes, however, the ascorbate radical is not suitable, because the radical formed is unstable and not sensitive to HRP activity. We have found that good radical stability and good radical formation sensitivity can be achieved by using the appropriate hydroxylamine instead of ascorbic acid. Furthermore, it has been found in this work that hydroxylamines derived from TEMPO and PROXYL are not stable, but Carboxy-PTIO-H, HHTIO, and HTIO are relatively very stable.
The concentration dependence of the ESR signal intensity of HTIO is shown in Table 4 . It may be deduced from these results that the optimum concentration of HTIO is in the range of 5 to 10 mmol/l. However, such a high range of concentrations brought about contributions to the background from radicals derived from HTIO. For this reason, we accepted an empirically suitable concentration of HTIO as low as 2.0 mmol/l. Such a low concentration of HTIO resulted in a decrease in the dynamic range of our analytical method. Table 4 also shows that ESR signal intensity is not proportional to the concentration of HRP at low HTIO concentrations. In order to examine this result, we tried to estimate the trapping efficiency of phenoxyl radicals by HTIO (2.0 mM). We measured the fluorescent intensity from the p-AP dimer shown in Fig. 1 . The trapping efficiencies of phenoxyl radicals at HRP concentrations of 10 -5 and 10 -4 U/ml were estimated to be 84.8 and 70.3%, respectively, which indicates a high trapping efficiency at low concentrations of HRP. This can be reasonably interpreted according to the reaction scheme shown in Fig. 1 : The dimerization and trapping reactions of the phenoxyl radicals formed are competitive with each other. As the concentration of phenoxyl radicals becomes low due to a low concentration of HRP, the formation of the dimers decreases with the second order of the concentration of the radicals, while the formation of the trapper radicals decreases with the quasi-first order of the radical concentration under the conditions of [HTIO]>> [HRP] , which results in the increase of the trapping efficiency of the phenoxyl radicals by the trappers.
In Table 5 the sensitivities and S/B ratios measured by the colorimetric and luminometric methods are listed with the proposed method for comparison. The S/B ratio of the proposed method was about 25 times that of ABTS and OPD, and 19 times that of luminol chemiluminescence at 10 -5 U/ml of HRP. The high sensitivity of the proposed method is mainly due to high sensitivity and selectivity of radical measurement by ESR spectroscopy. We are now applying this method to HRP labeled immunoassay and biochemical assay methods.
In Fig. 5 , we showed the low-dose portion of the TSH assay. We estimated the detection limit at the point at which the signal height is twice that of the zero standard. The detection limit defined in this way was estimated to be 0.0025 µU/ml from the figure. This value was as low as the values obtained by chemiluminescent 7 and electro-chemiluminescent TSH assays. 8 Recently the proposed method was applied to the clinical assay of hepatitis B virus (HBV). It has been shown that the proposed method is practical and useful 1112 ANALYTICAL SCIENCES DECEMBER 1998, VOL. 14 9 PCR analysis is sensitive in detecting HBV DNA, but requires the tedious process of DNA purification and autoradiography in addition to meticulous precautions to avoid contamination. The proposed method is simple and easy to use. Its sensitivity is higher than that obtained from standard ELISA. In order to assay large numbers of samples, maintaining high sensitivity, an automated detection method would be required. The development of such a method is now under way at our institute. Such automation will significantly reduce the cost of analysis.
There are many biochemical tests based on quantitative measurements of H 2 O 2 produced by individual enzyme reactions. Such tests have been directed at measurements of glucose, lactic acid, pyruvic acid, sialic acids, uric acid, creatinine, polyamine, total cholesterol, free cholesterol, neutral fat, phospholipid, free aliphatic acid, inorganic phosphorus, etc. As an application of the proposed method to such biochemical assays, a glucose standard was tested in the presence of glucose oxidase. We demonstrated the possibility of detecting glucose in serum using only 1 µl of standard solution. We were able to estimate the detection limit for H 2 O 2 to be as low as 3.0 pmol/test from this measurement. Independently, Ohta et al. 10 applied this method to the quantification of glucose in human serum and showed that one can detect H 2 O 2 as low as 0.5 µmol/l without any interference from glutathione on the order of 120 µmol/l. It was found from these experiments that one can sensitively detect H 2 O 2 in serum as well as in a model system above. Applicability tests of other biochemical assays detecting H 2 O 2 are now under way. Thus the proposed method has displayed excellent sensitivity in both immunoassay and biochemical analysis.
In conclusion, we wish to stress here that at low assay cost the proposed method can be applicable to both enzyme immunoassay and biochemical assay, based on a common assay principle of ESR measurement. Furthermore, the proposed method is very suitable for the assays of virus antigens that require high reproducibility at low concentration and high sensitivity. So far, however, we have not been completely successful in eliminating the background signal, mainly because hydroxylamines and their oxidative states of nitroxide radicals are in equilibrium with each other in the air to some extent. In order to increase the S/B ratio and the dynamic range, therefore, further development of alternative hydroxylamines is required. This work is now in progress.
